In photosystem II of green plants the key photosynthetic reaction consists of the transfer of an electron from the primary donor called P680 to a nearby pheophytin molecule. We analyzed the temperature dependence of this reaction by subpicosecond transient absorption spectroscopy over the temperature range 20-240 K using isolated photosystem II reaction centers from spinach. After excitation in the red edge of the Q y absorption band, the decay of the excited state can conveniently be described by two kinetic components that both accelerate with temperature. This temperature behavior differs remarkably from that observed in purple bacterial reaction centers. We attribute the first component, which accelerates from 2.6 ps at 20 K to 0.4 ps at 240 K, to charge separation after direct excitation of P680, and explain its temperature dependence by an intermediate that lies in energy above the singlet-excited P680 and that possibly has charge-transfer character. The second component accelerates from 120 ps at 20 K to 18 ps at 240 K and is attributed to charge separation after direct excitation of the ''trap'' state near-degenerate with P680 and subsequent slow energy transfer from this trap state to P680. We suggest that the slow energy transfer from the trap state to P680 plays an important role in the kinetics of radical pair formation at room temperature.
The photochemical reaction center (RC) of photosystem II (PSII) (the D1-D2 cyt.b559 complex) is the smallest unit in PSII that shows photochemical activity. The RC contains six chlorophyll (Chl) a and two pheophytin (Pheo) a molecules (1-4) that all have their lowest electronic transition around 675 nm, as well as two ␤-carotenes. The D1 and D2 polypeptides are homologous to the L and M subunits of bacterial RCs, suggesting an arrangement of the core pigments in the RC of PSII similar to that in the bacterial RC (5) . The two additional Chl molecules are probably located near the periphery of the D1-D2 complex.
The characterization of energy transfer and charge separation in the PSII RC is less well established than is the case for the bacterial RC (for a review, see ref. 6 ). This may be due to the fact that the first PSII RC was isolated only in 1987 (7) and that there is no structure available. However, the excited state kinetics of the PSII RC are also inherently more complicated than those of bacterial RCs. The primary electron donor in PSII, called P680, is isoenergetic with some of the other pigments in the RC (8) (9) (10) (11) (12) (13) and as a consequence forms only a very shallow trap for excitations.
After excitation of P680 an electron is transferred to the photoactive Pheo molecule (6) . In isolated PSII RC preparations, further electron transport cannot occur, because the quinone acceptors are lost during the isolation procedure. A straightforward interpretation of the results from pump-probe measurements in terms of pigment to pigment energy transfer and charge separation rates has proven difficult, mainly due to the congested absorption spectrum of the PSII RC. At room temperature (RT), most groups observed kinetics with lifetimes of 1-3 ps, 10-20 ps and Ͼ1 ns (14) (15) (16) (17) (18) (19) (20) as well as 100-600 fs (21) (22) (23) (24) (25) (26) (27) . At very low temperature (4 K) the lifetime of singlet-excited P680 (P680*) was estimated to be 1.9 ps by transient hole-burning spectroscopy (28) . Based on this result and on the work in ref. 29 , it was suggested that the rate of primary charge separation increases upon lowering the temperature, similar to what has been observed for the rate of charge separation in the purple bacterial RC (30) . However, it is not clear whether or not the 1.9-ps time constant at 1.4 K and the 3-or 20-ps processes at RT can be attributed to the same physical process. Furthermore, most recent studies (19, 20, 22, 27, 31) conclude that radical pair formation in the PSII RC is too complicated to assign one kinetic component to charge separation.
Low temperature subpicosecond measurements are a valuable method to obtain more information on the primary processes since, due to slowing down of uphill energy transfer, the kinetics can be related to one of the primary processes in a more straightforward manner. The particular temperature dependence of the kinetics will yield information on their origin. We have performed transient absorption measurements between 20 K and 240 K employing selective (Ϸ5 nm spectral width) excitation of the most red-absorbing P680 and ''trap'' pigments (9, 13) . Our results show that at low temperature the excited state decay of the PSII RC due to radical pair formation gives rise to two kinetic components that both accelerate with increasing temperature, in contrast to charge separation in bacterial RCs.
416 nm and 435 nm of 1.20 and contained, according to the method reported in ref. 4 , Chl a, Pheo a, and ␤-carotene in a ratio of 6.5:2.0:2.0. The samples were diluted in a buffer containing 20 mM BisTris (pH 6.5), 20 mM NaCl, 0.03% n-dodecyl-␤-D-maltoside, and 80% (vol͞vol) glycerol to an optical density of Ϸ1.0 at 675 nm in a cuvette with 1.5 mm path length. The samples were placed in either a nitrogen bath cryostat or a helium flow cryostat. The laser system has been described in detail elsewhere (31, 32) , it was modified by using sapphire plates for the creation of the white light continuum, and the use of a single dye cell for the amplification of the pump beam. The system had an instrument response full width at half maximum (FWHM; cross correlation of pump and probe pulse) of 250-280 fs, from which we estimate the pump pulse to be Ϸ180 fs. The excitation energy of the pump beam was about 250 nJ͞pulse, focused with a 20-cm lens to a spot size in the sample of Ϸ275 m in diameter. Excitation was at Ϸ685 nm, using a narrow-band (5 nm FWHM) interference filter. The probe beam was polarized under magic angle (54.7Њ) with the pump. The repetition rate of the system was 30 Hz, therefore no accumulation of RCs in the triplet state could occur (9) . Because of the slight divergence of the laser pump beam (which went through a variable delay and therefore varied in diameter as a function of the delay) we placed an aperture in the pump beam just before the focusing lens to maintain a fixed size of the focus, leading to a variation in the pump energy of up to 20% for long delays. Spectra were corrected for the energy of the pump beam at the position of the sample, which was measured as a function of the delay line. Usually 6 scans, consisting of 40 delay positions, were taken for data collection. In a single scan, about 300 shots were averaged per delay position, both with and without excitation light on the sample. We analyzed the data with the help of singular value decomposition (33) . From the number of singular values and vectors significantly different from the noise, we determined the number of spectrally and temporally independent components. Decay-associated spectra (DAS) were estimated from a global analysis procedure (33) , performed on all individual scans simultaneously, in which the data were described with a model of parallelly decaying compartments:
, where i(t) is the instrument response and ‫ء‬ denotes convolution. The instrument response was described in the global analysis by a Gaussian shape. The location and width of the instrument response were fit parameters for each scan. All fits had a standard deviation of the residuals between 1.3% and 2.8% of the maximal bleaching.
We checked that the induced ⌬OD signals responded linearly to a variation in the excitation density. Furthermore, from the induced ⌬OD signals, using the method described in (34), we estimated that after 150 ps 12-16% of the RC is in the radical pair state. 
RESULTS
Absorbance difference spectra induced by 180 fs laser flashes centered at 685 nm (FWHM, 5 nm) were recorded as a function of time delay at five temperatures: 20, 77, 110, 150, and 240 K. Fig. 1 shows some of the spectra taken at 20 K at time delays between 0.4 ps and 750 ps. Note that we define t ϭ 0 as the last time point before a ⌬OD signal occurs. The first few spectra (data not shown) within the in-growth of the signal, are characterized by a narrow bleaching (FWHM Ϸ 4-5 nm) centered at 682.5 nm, and a positive signal between 673 and 680 nm. After Ϸ250 fs the bleached spectrum has shifted to 683 nm and has a structureless absorption increase at wavelengths shorter than 678 nm. The maximal bleaching occurs after 0.5 ps. At later times, the intensity of the signal near 683 nm diminishes, while at 675 nm a second bleach develops as a shoulder on the major peak at 683 nm. The absorption increase between 660 nm and 670 nm remains constant over the same time window. The last spectrum, taken at 750 ps, has a FWHM of 7 nm and represents, at least for the major part, the radical pair spectrum.
The spectra recorded at higher temperatures (data not shown) are broader and less structured and reveal different time constants, but otherwise show essentially the same characteristics. The radical pair spectra taken at 750 ps show a well-defined shoulder up to 110 K. Above this temperature the shoulder is diminished, which is probably due to thermal broadening. At 240 K, the FWHM of the spectrum at 750 ps is 10 nm.
Satisfactory fits of the data sets could be obtained at all temperatures using three kinetic components, as well as a component that instantaneously follows the excitation pulse. At 20 K, the first component has a lifetime of 2.6 ps, and is characterized by a DAS with a minimum at 682.5 nm, a FWHM of 4.5 nm and an absorption increase at wavelengths shorter than 679 nm (dotted line in Fig. 2 ). The second component (dashed line in Fig. 2 ) has a lifetime of 120 ps and its DAS is characterized by a maximum at 678 nm, a zero crossing at 681 nm and a minimum at 683.5 nm. The third spectrum (solid line) is almost nondecaying; in the fit its lifetime is estimated to be 2 ns. It has a minimum at 683 nm, a FWHM of 7 nm and shows a small negative shoulder around 672.5 nm. Fig. 2 Inset shows the DAS of the component t0 that follows the excitation pulse instantaneously-i.e., is only observed in the presence of the excitation pulse. For comparison (although we do not have the time resolution to resolve this component), when the data were fitted with an additional fast component instead of one that follows directly the excitation pulse, a lifetime of Ϸ40-80 fs was obtained. At all temperatures such a fast feature with similar shape and amplitude was present in the data. This ultrafast spectral feature most likely arises from the intrinsic intensity dependence of a polarized pump-probe experiment, in which the center of the ⌬OD spectrum saturates even at relatively low excitation density (ref. 34 ; M.-L.G., R.V.G., J. A. Leegwater, and F.v.M., unpublished data). As a consequence the ⌬OD spectrum broadens during the excitation pulse, in agreement with the DAS of the fast component.
Each of the fits at 77 K, 110 K, 150 K, and 240 K yields a DAS of the first component that shows a loss of oscillator strength in the red part of the spectrum and a minor absorption increase in the blue (see Fig. 3 , dotted lines), similar to that of the first component at 20 K. With increasing temperature, the magnitude of this component increases relative to that of the other two. The time constant related to these absorption changes decreases from 2.6 ps at 20 K to about 0.5 ps at 240 K (see Table  1 ). The DAS that are found for the second components are all nearly conservative, except for the one at 240 K which contains no positive feature (Fig. 3, dashed lines) . The lifetime of this component decreases from 120 ps at 20 K to 18 ps at 240 K ( Table 1) .
The lifetimes from our fit at 240 K differ somewhat from those reported at RT, where the initial decay is described by lifetimes of 100-250 fs, Ϸ1-3 ps and 15-20 ps (20) (21) (22) (23) (24) (25) (26) (27) , in which the amplitude of the 1-to 3-ps component is usually small relative to the other components. First of all we note that in a complex system like PSII when one process is not fitted correctly, other components will easily be influenced as well. From our singular value decomposition we conclude that the four components are kinetically and spectrally independent. Furthermore, the magnitude and rate of 0 is independent of temperature, which indicates that it is not in any way mixed with an energy transfer component, since this would result in a dramatic temperature dependence of the amplitude of the 0 component. Possibly, in fitting RT results the 0 component has been mixed with a true energy transfer component and compensation of the remaining spectral and kinetic features led to the 1-to 3-ps component.
DISCUSSION
In this work we have studied the excited state and charge separation dynamics of the PSII RC as a function of temperature between 20 K and 240 K. Red excitation ( exc Ͻ 685 nm) was applied to avoid the involvement of the peripheral Chls absorbing around 670 nm. Our results demonstrate that at all temperatures a major part of the excited state dynamics of the PSII RC upon red excitation is determined by a fast and a slower decaying component, each with its own DAS. Both components accelerate with temperature, which is in contrast to the situation in the bacterial RC where the rate associated with radical pair formation decreases with temperature (30) .
Radical Pair Spectrum. The long-lived component is readily assigned to be mainly due to the radical pair state P680 ϩ Pheo. This state has been reported to have a lifetime of tens of nanoseconds at low temperature (35, 36) , and its spectrum at 240 K is very similar to that reported earlier at RT by Klug et al. (ref. 22 and references therein). At low temperatures the shoulder around 670-675 nm is well separated from the main bleaching at 682-683 nm.
The 120 3 18-ps Component. This component shows at all temperatures, except at 240 K, a DAS that corresponds to a loss of oscillator strength on the red side of the spectrum and an increase of about the same magnitude on the blue side (dashed lines in Figs. 2 and 3 ). Although at first sight this might represent a typical energy transfer process from red to blue absorbing states, this cannot be the case. At low temperature the thermal energy (14 cm Ϫ1 at 20 K) is too small to result in a significant population of states that are Ϸ120 cm Ϫ1 higher in energy. Therefore this spectral change around 675 nm must be related to the decay of excited state absorption of the initial state and the formation of the radical pair bleaching around 675 nm.
Upon excitation at 685 nm only the most red-absorbing states are excited (see, for example, the energy level diagram in Fig. 4) . We have shown (9, 13, 31) that in this wavelength region besides P680 the so-called trap state absorbs as well. These pigments are not part of the primary donor and can actually trap excitations at low temperature. At T Ͻ 4 K these pigments have been shown to have excited state lifetimes of either about 200 ps or 4 ns depending on whether or not they are able to transfer energy (13) , which is determined by their position within the inhomogeneously broadened bands. At 20 K the excited state lifetime of the trap is expected to be shorter, since the activation energy between the trap and P680 levels is probably very small, about 1 or 2 nm (9, 13). The attribution of the 120-ps lifetime to the excited state lifetime of the trap is therefore in good agreement with the hole-burning results. We thus conclude, from its spectral changes and its lifetime, In the fits a component that follows the pump pulse instantaneously (0) was included at all temperatures. The error in the lifetimes is about 10%, except for 3, of which the lifetime cannot be determined well in this experiment.
that the 120-ps component can be assigned to effective radical pair formation upon direct trap excitation, limited by slow energy transfer from the trap pigments to P680 (Fig. 4) .
At higher temperatures, between 77 K and 150 K, the lifetime of the 120 3 18-ps component has decreased to a value of about 35 ps (see Table 1 and dashed lines in Fig. 3 ), which shows that the activation energy at this temperature is much smaller than the thermal energy (to get an indication of the activation energy, the temperature dependence of this component between 20 K and 150 K corresponds with an activation energy of 19 cm Ϫ1 or 1 nm). This is in agreement with the assignment of this component to energy transfer between the near-degenerate trap and P680 states.
At 240 K, the lifetime of this component has decreased to 18 ps, close to the 21-ps time constant reported to be responsible for the major part of radical pair formation at RT (22) . A probable explanation for this acceleration is that at this temperature the trap pigments equilibrate with the blue (Ϸ670 nm) absorbing pigments prior to the decay of the excited state into the radical pair. These pigments are often speculated to be the two ''extra'' Chls, presumably located at some distance from the ''core'' pigments. At 240 K the mixture of this equilibration process with the decay of the equilibrated state into the radical pair state is probably the reason why the DAS of the second component no longer exhibits the positive signal; the contributions of the equilibration component (which is expected to show a negative signal in the red and a positive signal in the blue part of the spectrum) and the decay of the equilibrium due to radical pair formation (which should be accompanied by a loss of oscillator strength in the more blue part of the spectrum) overlap and partly cancel each other. Müller et al. (27) probably resolved these components at 277 K; the DAS spectra of their 8.9-ps and 19.8-ps components observed upon 680 nm excitation resemble those inferred above for the equilibration process and the decay of the equilibrium, respectively. We suggest that at RT at least part of radical pair formation occurring with a Ϸ20-ps time constant (ref. 22 and references therein) is limited by energy transfer from the trap pigments near-degenerate with P680, and by equilibration of the trap state with ''blue'' absorbing states before excitation energy transfer to P680 takes place.
In Visser et al. (31) we reported a lifetime of 80-100 ps at 77 K for the 120 3 18-ps component. The difference in lifetime with the 77 K value reported here is probably due to a slight variation in the samples that were used. The PSII RC preparations used in the experiments reported here were obtained following a more gentle isolation procedure, as described in Materials and Methods. They are characterized by a deeper valley between the main bands in the 4 K absorption spectrum, and by a more pronounced shoulder at 684 nm than observed for the preparations used in the earlier experiments (31). In Eijckelhoff et al. (38) this subtle change in the Q y region is explained by a narrowing of the underlying absorption bands in the red part of the spectrum, from Ϸ6 nm to Ϸ4 nm. A narrowing of the inhomogeneous absorption bands of both P680 and the trap pigments will lead to a decrease in the average activation energy between the trap pigments and P680. Therefore, the onset of acceleration of the average energy transfer time as a function of temperature may be expected to occur at lower temperature. To explain the acceleration from 90 ps to 35 ps, assuming an Arrhenius type of expression, at 77 K a change in activation energy of only 49 cm Ϫ1 or 2.2 nm is needed, which is consistent with the observed narrowing (38) . Although the variation of the samples is discomforting, it lends support for the notion that the observed temperature behavior of the kinetics originates from the inhomogeneity of two degenerate electronic transitions.
The Nature of the Trap State. Our experiments have shown that in the PSII RC a trap state exists near-degenerate with P680 (9, 13) , that at temperatures below 150 K, but possibly also at higher temperatures, is involved in slow radical pair formation. We estimate that upon red excitation about 50% of the excitations drive charge separation along a path involving the trap state, while the remaining excitations directly excite P680. We can only speculate about the nature of the trap state. Fluorescence experiments (11) have demonstrated the contribution of Chl a and possibly Pheo a in the low temperature emission spectrum, which originates from the trap state. Hole-burning experiments have also indicated the presence of Pheo a (8, 13) . To explain a variety of spectroscopic and kinetic observations it has been proposed (39) that in the PSII RC all excitonic coupling strengths are of similar magnitude and also similar to the amount of disorder (Ϸ100 cm Ϫ1 ). The result of this multimer model is that for each RC there are two strongly allowed states, on average one is localized on the pigments in the active branch and the second on the inactive branch. The precise energetic ordering and composition of these two states varies due to the disorder, both states contain Chl a and Pheo a. If we assume that only the state localized on the active branch drives ultrafast electron transfer, then at T Ͻ 4 K the ''inactive'' state will act as a trap in those RCs in which this state is lower in energy than the active state. At higher temperatures the inactive exciton state can relax into the ''active'' state and drive charge separation in all centers. Our experiments suggest that even at RT this direct relaxation process is not ultrafast and possibly takes up to tens of picoseconds. This would imply that the coupling between the pigments in the active state with those in the inactive state is relatively weak. We note that in the even more tightly packed light-harvesting complex II of green plants some of the energy FIG. 4 . Energy level diagram of the states of the PSII RC involved in energy transfer and charge separation. C670, C681, and P680 denote (groups of) pigments or states absorbing at that particular wavelength; arrows denote energy transfer and charge separation. All reactions are reversible, but those that are on the time domain of interest effectively unidirectional are indicated as such. Note that due to inhomogeneous broadening the energy levels are actually broader as depicted here (Ϸ5 nm FWHM) and therefore overlap extensively. C670 represents one or two pigments that transfer slowly [Ϸ15 ps (13, 31, 37) ] to the other pigments and can be inferred at T Ն 240 K to equilibrate with the states absorbing around 680 nm in about 10 ps; C681 or the trap-state is degenerate with P680 and transfers to P680 directly in Ϸ35 ps or slower at low temperature; P680 is the primary electron donor; and X may represent the higher excitonic multimer levels or a multimer state with charge transfer character that mediates electron transfer from P680*. The 2.4 3 0.4-ps component is essentially ascribed to equilibration between P680 and X and its decay into P ϩ I Ϫ , the 120 3 18-ps component to the C681 to P680 transfer which at higher temperature is accelerated through the C681 3 C670 3 P680 decay channel (see Discussion).
transfer between the Chl a molecules in the same subunit may take as long as 10 ps due to an unfavorable orientation of some of the pigments (40) . The 2.6 3 0.4-ps Component. The basic feature of the DAS of the 2.6 3 0.4-ps component (dotted lines in Figs. 2 and 3 ) is a loss of bleaching on the red side of the spectrum and a relatively weak in-growth (or loss of excited state absorption) below 678 nm at all temperatures. It is tempting to attribute this fast component to charge separation upon direct P680 excitation at all temperatures, at 20 K this is the only reasonable explanation for the observed decay. Note that this time constant is somewhat slower than that observed for the bacterial RC [1.4 ps for Rhodobacter sphaeroides, 0.9 ps for Rhodopseudomonas viridis (30) vs. 2.6 ps for PSII RC].
The attribution of the 2.6 3 0.4-ps component to direct charge separation means, however, that the charge separation accelerates with temperature, in contrast to earlier suggestions that the charge separation time in the PSII RC decreases with temperature, to 1.2 ps at 15 K (29) or 1.9 ps at 4 K (28). These suggestions were, however, based on the assumption that the 1-to 2-ps kinetics could be identified with a 3-ps component observed in RT measurements. Our results indicate that the decay of P680* is due to an activated processes, unlike in the bacterial RC, and that the (nonactivated) intrinsic charge separation time is 300-400 fs at RT, which is much faster than in the bacterial system. Two other groups have reported on subpicosecond processes at RT, but did not relate these to charge separation processes: the London group ascribed a 100-fs time constant to equilibration between red and blue states of the (multimer) core of pigments (21, 22 ) and a 500-fs time constant, which was mainly observed as a decay of the anisotropy, to energy transfer between two near-degenerate red states (41) . Holzwarth and coworkers (27) mentioned the existence of a 250-fs time constant in their data and ascribed it to equilibration within a core of RC pigments. As with Müller et al. (27) , we have not observed a 100-fs time constant, although we did observe a very fast (40-80 fs) component. But as discussed above, we do not ascribe this component to one of the physically relevant primary processes in PSII, especially since in our experiments this component is not influenced by temperature. The amplitude of an uphill equilibration process would be very temperature-dependent, and therefore the fast (40-80 fs) component is not consistent with energy transfer. Our results show that the 400-fs component, which most likely can be identified with the 250 fs and 500 fs of refs. 27 and 41, extrapolates to a low temperature value of 2.6 ps. This temperature dependence is in fact rather weak and corresponds to an activation energy of only Ϸ1.5-2 nm. This suggests that the decay of P680* is not due to energy transfer to blue (Ϸ670-675 nm) states, but rather to a near-degenerate state, in agreement with the suggestion in Merry et al. (41) . This state can, however, not be the trap state, as was suggested in in ref. 41 , since the results discussed in the previous section show that the trap-to-P680 transfer is much slower than 2.6-0.4 ps. Furthermore, the spectral changes associated with the 2.6 3 0.4-ps time constant are rather large and this suggests that a transition occurs to a state of low oscillator strength, or dark state, whereas the trap state has a more or less comparable oscillator strength to that of P680 (9, 13) . According to the multimer model, the multimer states of low-oscillator strength are in the Ϸ670-675 nm region, too high in energy to be in accordance with the temperature dependence of the 2.6 3 0.4-ps component. ‡ In the following, we will discuss the possibility that at all temperatures the 2.6 3 0.4-ps component is due to direct charge separation and how the multimer nature of P680 could be the cause of its peculiar temperature dependence.
The multimer model (39) implies that P680 consists of a multimer of weakly coupled pigments, including the Pheo acceptor. For this reason it is of interest to compare the PSII RC to the heterodimer mutants M200 and L173 of Rhodobacter capsulatus and Rb. sphaeroides, where one of the bacteriochlorophylls of the special pair has been replaced by a bacteriopheophytin. In these mutants an intradimer charge transfer occurs, the energy of the intradimer charge transfer state is most likely near the excitonic state of the heterodimer (42) (43) (44) (45) . Recently, the formation of a change transfer (CT) state in 200 fs was also proposed to occur in the wild-type bacterial RC (46) . As in the heterodimer, the involvement of the Pheo acceptor in the multimer probably leads to less electronic symmetry in PSII as compared with the primary donor in bacterial RCs, and so charge transfer states may be expected to play a role in the excited multimer states. Therefore it may be that the 2.6 3 0.4-ps kinetics correspond to the evolution of the initially excited P680 state to a state with more charge transfer character, from which the charge separated state is formed (state X and the dashed arrow in Fig. 4) . The formation of the CT state (or rather the formation of an equilibrium between the initially excited state and the CT state) will be accompanied by a loss of stimulated emission in the red part and of excited state absorption in the blue part of the spectrum, in agreement with the spectral changes of the 2.6 3 0.4-ps component. Note that as far as we can see, neither the hypothesis of the formation of a CT state, nor equilibration within the exciton manifold (of which the spectrum of the equilibrated multimer state would have to be similar to the P680 ϩ I Ϫ state to explain the absence of subsequent spectral changes related to radical pair formation) explain why the amplitude of the 2.6 3 0.4-ps component increases with temperature relative to that of the radical pair spectrum. Possibly changes in the excited spectral distribution due to the temperature dependence of the absorption spectra, or even a slight modification of the nature of the multimer with temperature might be the cause for this.
Though the involvement of a CT state would suggest that the actual charge separation process may be looked upon as an adiabatic electron transfer process, it remains possible that direct (nonadiabatic) charge separation occurs from the initially excited P680, but on a slower time scale. An upper limit for the intrinsic charge separation rate from P680 would then be the rate constant at 20 K so Ϸ(2.6 ps) Ϫ1 . Fig. 4 provides a summary of the results obtained in this paper and in previous work (9, 13, 31) in the form of a model for the energetics and kinetics of the PSII RC.
CONCLUSIONS
The temperature dependence of the excited state decay of PSII RCs as measured by subpicosecond transient absorption spectroscopy is different from that of bacterial RCs, reflecting the complex electronic level structure of this plant RC. A fast process, that accelerates from 2.6 ps at 20 K to 0.4 ps at 240 K, is associated with direct charge separation involving P680-i.e., an electronic state in the multimer model (14) mainly localized on the active branch. A much slower process that accelerates from 120 ps at 20 K to 18 ps at 240 K is associated with slow energy transfer from the trap state (9, 13)-i.e., the electronic state in the multimer localized on the inactive branch. It is argued that even at temperatures close to RT, the equilibration between these two states is relatively slow, possibly due to some unfavorable geometry and as a consequence part of radical pair formation is energy transfer limited.
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